Membrane-based gas separation processes can address key challenges in energy and environment, but for many applications the permeance and selectivity of bulk membranes is insufficient for economical use. Theory and experiment indicate that permeance and selectivity can be increased by using two-dimensional materials with subnanometer pores as membranes. Motivated by experiments showing selective permeation of H 2 /CO mixtures through amorphous silica bilayers, here we perform a theoretical study of gas separation through silica bilayers. Using density functional theory calculations, we obtain geometries of crystalline free-standing silica bilayers (comprised of sixmembered rings), as well as the seven-, eight-, and nine-membered rings that are observed in glassy silica bilayers, which arise due to Stone−Wales defects and vacancies. We then compute the potential energy barriers for gas passage through these various pore types for He, Ne, Ar, Kr, H 2 , N 2 , CO, and CO 2 gases, and use the data to assess their capability for selective gas separation. Our calculations indicate that crystalline bilayer silica, which is less than a nanometer thick, can be a high-selectivity and highpermeance membrane material for 3 He/ 4 He, He/natural gas, and H 2 /CO separations.
INTRODUCTION
Gas mixture separation is essential to many chemical manufacturing, energy generation, and environmental remediation processes. Some important separations include purification of He from natural gas (primarily CH 4 ), 1 H 2 /CO separations for hydrogen fuel production and certain fuel cell applications, 2 and CO 2 /N 2 separations for postcombustion greenhouse gas capture. 3, 4 In theory, membrane processes for gas separation require less energy than alternative technologies such as pressure swing absorption and cryogenic distillation. 5−8 A wide variety of membrane materials, including metallic alloys, modified silica, zeolites, carbon molecular sieves, and polymers, have been developed for He, H 2 , and CO 2 separations, 2,3,5−8 as summarized in recent reviews. 9−11 However, the economic viability could be improved by developing new membrane materials with larger permeance, selectivity, and long-term chemical stability. 5, 12, 13 An emerging area in gas separation membranes is the use of two-dimensional materials, such as graphene and graphene-like two-dimensional polymers. This is the topic of several recent reviews. 14−18 Although pristine graphene is impermeable to gases, 19−21 theoretical calculations indicate that selective gas separations with high permeance can occur in sufficiently large Stone−Wales defects, 20 or subnanometer multiatom vacancies. 22 Experimental strategies such as ultraviolet -oxidative etching, 23 oxygen plasma irradiation, 24 carbothermal reactions with metal nanoparticles, 25 nanohorn-type features in graphene, 26 and even utilization of naturally occurring defects and tears in multilayer stacks of graphene 27 have been demonstrated as strategies for introducing gas-selective defects in graphene. More generally, gas separation has been also been studied for the intrinsic pores that occur in the structures of other two-dimensional materials, including other two-dimensional carbon allotropes such as graphdiyne, 28, 29 two-dimensional covalent organic frameworks/polymers, 30−35 and noncarbon-based 2D materials, 16 such as silicene (the silicon analogue of graphene), 36 boron-nitride analogues of graphenylene, 37 graphitic carbon-nitride, 38 and two-dimensional metal organic frameworks (MOFs). 39 To a first approximation, the high permeance and selectivity are due to the combination of a reduced transport distance (by using an atomically thin membrane) and size-exclusion separation of the gases (by using subnanometer pores), both of which are known from the study of bulk membranes. However, nanostructured materials have high membrane selectivity in part due to new phenomena such as quantum mechanical tunneling, 31,40−43 (classical) surface adsorption and diffusion effects, 33, 44, 45 and sizedependent entropic barriers. 35 In this Article, we examine a new type of two-dimensional material, "silicatene", comprised of corner-shared tetrahedral SiO 4 building units. 46 Monolayer silica forms chemical bonds to the underlying metal support surface upon which it is grown, preventing isolation of individual, free-standing layers as is done with graphene and other nanomaterials. 47 In contrast, bilayer silica forms covalent bonds between the two layers, and thus is only weakly physisorbed to the underlying metal surface. 48−50 An illustration of the bilayer silica structure is shown in Figure  1a ,b. Very recently, millimeter-scale exfoliation and transfer of silica bilayers has been demonstrated experimentally, 51,52 allowing for the possibility of using unsupported, free-standing layers. Bilayer silica exists in both crystalline (perfectly ordered) and amorphous (glassy) states in the xy plane, while still maintaining crystalline order in the z-axis. The crystalline form depicted in Figure 1a ,b is comprised entirely of six-membered rings (with a structure analogous to graphene), and the amorphous form consists of a mixture of four-, five-, six-, seven-, eight-, and nine-membered rings. 53, 54 Covalent bonding between the "top" and "bottom" silica layers results in a fixed alignment of positions of these rings on both sides of bilayer, as illustrated in Figure 1 . The crystalline and amorphous forms coexist and can form coherent interfaces. 55 Temperatureprogrammed desorption experiments by Emmez et al. demonstrated that molecular deuterium (D 2 ) and carbon monoxide (CO) permeate through the amorphous bilayer silica, which can be attributed to passage through the naturally occurring defects, but not through crystalline bilayer silica. 56 This experiment demonstrates that some defects are sufficiently large to allow for gas transport, although it did not provide an atomistic understanding of which defects are permeable to which gases. Very little is known about this permeation process from theoretical calculations. Previous work has focused primarily on the potential energy barriers for metals, specifically Au and Pd atoms 57 and Li, Na, K, and Mg atoms 58 through the various types of glassy defects. In a theoretical study of the infrared spectra features of CO trapped between silica bilayers and Ru(0001) surfaces, Schlexer et al. calculated a potential energy barrier of 0.5 eV for penetration of CO through crystalline (six-membered ring) bilayer silica supported on Ru(0001). 59 Additionally, Kostinski et al. modeled the water diffusion through amorphous silica using calculations on small silica bilayer-like clusters. 60 In this Article, we characterize the gas transport through crystalline and glassy bilayer silica. Using density functional theory calculations, we obtain the geometries of crystalline bilayer silica and the Stone−Wales type defects that occur in glassy bilayer silica for unstrained, unsupported, free-standing systems. Using these geometries, we characterize the potential energy barrier for transmission of He, Ne, Ar, Kr, H 2 , N 2 , O 2 , CO, and CO 2 gases through the various glassy defects. These results allow us to rationalize previous temperature-programmed desorption experiments 56 and determine the structural features needed for industrially important gas separation processes, specifically He/natural gas separation, H 2 /CO separations for fuel cells, and N 2 /CO 2 separations for greenhouse gas capture.
COMPUTATIONAL METHODS
Density functional theory calculations were performed using the projector-augmented wave method (PAW) 61,62 general gradient approximation Perdew−Burke−Ernzerof (GGA-PBE) 63, 64 pseudopotentials, utilized in VASP version 5.3.5. [65] [66] [67] 67 Dispersion interactions are included using Grimme's D2 model. 68, 69 Schlexer et al. discussed the importance of including dispersion corrections in treating CO adsorption on silica bilayers, and found that the PBE-D2 model is comparable to other models such as optB88-vdW and HSE06+D. 59 All calculations were performed with a 5 × 5 × 1 Monkhorst−Pack grid. Initial geometry optimizations of the structures shown in Figure 1 were performed for a force convergence of 0.005 eV/Å. Potential energy calculations were performed by putting the optimized silica bilayer into a box with a length of 20 Å perpendicular, creating a vacuum region of 15.6 Å between the periodic replicas of the silica bilayer, keeping the geometry fixed, and calculating the potential energy as the gas molecules approached. To facilitate future efforts at fitting classical molecular dynamics force-fields for the silica−gas interaction potential, the bond lengths of diatomic and triatomic gases (H 2 , N 2 , CO, and CO 2 ) were kept fixed at the values used in common force-fields for these gases, specifically H 2 at 0.7414 Å, 70 N 2 at 1.0464 Å, 71 CO at 1.1405 Å, 72 and CO 2 at 1.149 Å for the C−O distance. 73 
RESULTS AND DISCUSSION
3.1. Defect Geometries. Crystalline silica bilayers consist of a hexagonal lattice of corner-shared SiO 4 tetrahedra, as shown in Figure 1a ,b. A 4 × 4 supercell of free-standing (i.e., not metal-supported) silica was used to allow for geometry relaxations, resulting in an optimized lattice constant of 21.189 Å for the supercell, or 5.297 Å for the primitive lattice constant. See the Supporting Information for a complete set of optimized atomic positions. This is 3% smaller than the values reported for metal-supported crystalline silica bilayers. (For example, the 59 which is very close to the 5.42 Å expected for a crystalline film on Ru(0001) forming a (2 × 2) structure.) The discrepancy in the lattice constants is due to interactions with the metal substrate that expand the silica bilayer structure. As discussed below, because the potential energy barriers for gas transport scale roughly with the size of the various pores, a consequence of this is that the potential energy barriers for gas transport through the free-standing sheet will be systematically higher than that of metal-supported structures.
Vitreous silica bilayers exhibit a broad ring-size distribution that ranges from four-to 10-membered rings. 54, 74 The defect structures minimize distortions of the SiO 4 building units, to minimize the total energy, analogous to the manner in which graphene defect structures preserve approximate sp 2 hybridization of the carbon atom building units. These types of lowenergy defect structures can be modeled within a 4 × 4 supercell. 20 The elementary defect patterns are (i) the Stone− Wales defects ( Figure 1c ) arising from rotation of an interbuilding unit bonds and resulting in fiveand sevenmembered rings; (ii) the divacancy 555777 defect ( Figure 1d ) resulting in fiveand seven-membered rings; (iii) the divacancy 585 defect ( Figure 1e ) resulting in fiveand eight-membered rings; and (iv) the tetravacancy defect ( Figure 1f ) resulting in nine-membered rings. For each of these elementary defect models, the atomic positions and the supercell lattice constant were optimized to obtain the minimum total energy of the system. See the Supporting Information for a complete set of optimized atomic positions. The optimized defect supercell lattice constants are 1−3% smaller than the optimized crystalline lattice constant, with the tetravacancy defect structure having the largest deviation.
Crystalline silica bilayers have two types of oxygen atoms (depicted as red spheres in Figure 1a ): surface oxygens that are above or below the plane formed by the blue silicon atoms and interior oxygens that located at the center of the sheet between the two planes of silicon atoms. The surface oxygens in crystalline silica bilayers are uniformly 2.173 Å above and below the center of the sheet. Introducing defects distorts the lattice, causing the oxygen atoms to adopt new positions that are above or below the undistorted position. Figure 2 shows the distribution of vertical displacement of the surface oxygen atoms from the geometric center of each of the defect structure models; the red-dashed line indicates the crystalline surface oxygen atom distance. The Stone−Wales defect (Figure 2a ) has a roughly symmetrical effect on oxygen positions, unlike the other defect structures. These other structures arise from vacancy defects, and thus a more substantial reconstruction is required. With the exception of the 555777 divacancy defect (Figure 2b ), oxygen atoms are pushed both further and closer to the center than the positions found in the crystalline sheet (indicated by the red-dashed line). The most extreme cases occur for the 585 divacancy and tetravacancy structures, in which some oxygen atoms are >0.2 Å closer to the center than the crystalline structure.
Previous studies of gas transport through graphene defects indicate that larger defects tend to have smaller potential energy barriers. 20, 22, 34 The effective defect size must include the finite size of the atoms, which is typically accounted for using the van der Waals radii. To quantify this property, we determined the largest radius sphere that can fit into the space created by the van der Waals radii of the silicon and oxygen atoms of each structure. Table 1 shows these sphere radii in ascending order. Note that not all rings with the same number of members have the same sizes. For example, the five-membered rings vary by 50% in radius, and the two different types of seven-membered rings vary by 10% in size. The pore size is generally, but not strictly, monotonic with the ring size; for example, the eightmembered ring defects in the 585 structure are smaller than the seven-membered ring defects in the 555777 structure, due to the shape of the defect. This information also provides some initial guidance on gas separation properties. For example, even the largest five-membered ring is less than one-half the size of the six-membered ring. Thus, the five-membered rings make an insignificant contribution to gas transport even for the smallest gases. On the other hand, the nine-membered ring is more than twice the size of the crystalline six-membered ring, and is larger than the van der Waals radius of xenon and the kinetic diameter of methane. The potential energy barrier calculations described below confirm that defects consisting of nine-membered (or larger) rings are incapable of size-selective separations of the gases considered here. 3.2. Potential Energy Barriers for Gas Permeation. Using the optimized structures described above, we next computed the potential energy for passage of He, Ne, Ar, Kr, H 2 , N 2 , O 2 , CO, and CO 2 gases through each of the defect types, as a function of position. In all of these plots, the center of the bilayer silica is taken as zero, and the potential energy is plotted as a function of the center of the gas molecules distance from this point. With the exception of CO, all of the molecules are symmetrical, and thus only the unique portion of the potential energy is plotted.
The noble gas results shown in Figure 3 illustrate the trends of varying gas sizes and types.
Three qualitatively different types of potential energy surfaces (PES) occur, depending on the relative sizes of the gas and defect. Consider the example of helium, depicted in Figure 3a . The Type I PES (shown in black) has a potential energy minimum on the silica surface corresponding to a physisorbed gas molecule 4.0 Å from the center, a potential energy maximum as the gas enters the bilayer (here at 2.1 Å), and a potential energy minimum between the silica bilayers corresponding to a trapped gas molecule (here at 0.0 Å, i.e., the center of the silica bilayer). The potential energy barrier characteristic of the Type I PES occurs when the size of the gas molecule is larger than or comparable to the size of the pore (as reported in Table 1 ). For helium and neon gases (Figure 3a and b, respectively), this occurs only for passage through the crystalline six-membered ring. For the larger argon atom (Figure 3c ), this type of repulsive barrier also occurs for all of the seven-and eight-membered ring defects.
Like the Type I PES, the Type II PES (shown in red) consists of two local minima (one on the exterior surface and one inside the bilayer) and a local maximum. The difference is that the local maximum has an attractive (negative) potential energy as compared to the noninteracting gas−silica system. Thus, the Type II PES has no barrier for ballistic gas transport (because the entering gas molecule will have a positive kinetic energy), but does have an effective barrier for gases attempting to enter the pore after being physisorbed on the surface. A Type II PES occurs when the pore is slightly larger than the gas molecule, which occurs for helium and neon with all of the seven-and eight-membered ring defects, but never for argon or larger gases. The exact position of the physisorption local minimum outside the bilayer varies from 3.2−3.7 Å, depending on the defect type. Both Type I and Type II PESs have stable states where the gas molecule is within the bilayer. For He and Ne (Figure 3a,b) , this interior position is energetically more stable than the free gas (indicated by the horizontal gray dotted line at 0.00 eV), indicating that the interior trapped states are thermodynamically stable. Moreover, this interior position is more stable than the physisorbed surface state for He and Ne gases. For Ar transport through the crystalline six-membered ring (Figure 3c ), this interior state may be kinetically trapped by the large potential energy barrier for exit, despite being significantly higher in energy than the free gas. This interior state is increasingly stabilized for the various seven-and eight-membered ring defects, due to the surrounding, attractive dispersion interactions.
Finally, a Type III PES (shown in blue) has no potential energy barrier, and consists of approximately only a single local energy minimum within the bilayer. In fact, He and Ne have a small (1 meV) barrier at z = 0.0 Å, which is not visible at the scale of the Figure 3 , but this is absent in Ar and Kr. A Type III PES occurs when the pore is significantly larger than the gas molecule, specifically here for the nine-membered rings arising from the tetravacancy defect. Type III behavior occurs for all of the gases passing through the nine-membered ring defect, including krypton and the polyatomic gases discussed below. Although a Type III PES presents no barrier to ballistic gas transport, gases could be adsorbed in the defect, slowing their transport rate. For He and Ne, the well depth in the Type III PES is nearly the same as the exterior physisorption minima found in the Type I and Type II PES. Surprisingly, for the diatomic gases discussed below, the Type III minimum is 30− 50 meV more stable than the exterior physisorption minimum of the corresponding Type I and Type II PES, because the linear molecules maximize its attractive dispersion interactions with the edge of the entire bilayer silica ring.
The potential energy surfaces for molecular hydrogen, nitrogen, and carbon dioxide transport through the silica bilayer are shown in Figure 4 . Like the noble gases, the three types of potential energy surfaces occur depending on the relative sizes of the molecules and the ring size. The PES of the smallest molecule, H 2 (shown in Figure 4a ), is qualitatively similar to that of the comparably sized helium atom ( Figure   3a ). The only difference is a shallow double-well potential for H 2 within the crystalline (six-membered ring) bilayer (black solid curve in Figure 4a ), consisting of two local minima separated by a 5 meV barrier at the geometric center. None of the other gases we computed have this property for a Type I barrier.
The N 2 molecule PES (shown in Figure 4b ) is qualitatively similar to that of Ar (Figure 3c ). Like Ar, the local minimum at z = 0.0 Å for the crystalline six-membered ring is higher in energy than the free gas. The Stone−Wales seven-membered ring and 585 divacancy eight-membered ring potential energy surfaces overlap with one another at the scale of this plot. Finally, passage through the nine-membered ring (blue solid line) has a local minimum at 1.5 Å from the center, with a small (5 meV) barrier at the center, similar to the small double-well potential barrier observed for the H 2 molecule in the sixmembered ring (Figure 4a ) discussed above.
The larger triatomic CO 2 molecule (shown in Figure 4c ) has additional PES features that are not seen in the monatomic and diatomic gases. First, CO 2 has a lower potential energy barrier for entry than N 2 for all of the defects. If one considers both molecules as cylinders, CO 2 has a small effective diameter than N 2 , due to the electron density distribution. 33 The lower potential energy barrier for entry of CO 2 is especially pronounced for the seven-and eight-membered ring defect curves. Second, the potential energy surface has an additional local minimum and local maximum, as the end and center of the CO 2 molecule interact with distinct layers of the silica structure. Finally, for the nine-membered ring defect (solid blue line), the minima occur at 2.5 Å, and are separated by 0.052 eV at the geometric center of the bilayer. This is qualitatively similar to the Type III N 2 PES (Figure 4b ), but with a larger central barrier. Figure 5 summarizes the PES local minima (red) and maxima (black) for all of the gases as they transit through each of the pores. Within each inset, the gases are arranged in order of increasing kinetic radii. For purposes of comparison, it is useful to recall that k B T at 298.15 K is 0.026 eV. Type I behavior corresponds to cases where the local maxima (black) have positive energies, Type II behavior to cases where the maxima (black) have negative energies, and Type III behavior to cases where there is only one minimum (single red bar) or a series of minima and maxima with very close values of energy. Figure 5a indicates that the barriers for penetrating six-membered rings for He, Ne, and H 2 are significantly lower than those of the other gases, indicating that these are the only gases that can permeate through crystalline bilayer silica with significant rate. In contrast, the barriers are smaller or nearly absent for the larger ring defects, with the exception of argon and krypton gases. (Note the change in vertical axis scale for the subsequent insets.) For the nine-membered ring defect (Figure 5e ), all gases have Type III PES behavior, where the entry into the pore is barrierless and there is only a small relative potential energy barrier for transmission. The physisorption binding energies for this central position follow the expected relationship between increasing atomic/molecular polarizability and increasing attractive dispersion interactions.
To facilitate comparison of the heterodiatomic carbon monoxide to the other (symmetrical) gases, Figure 5 shows both the carbon-atom-first entry and the oxygen-atom-first entry directions, indicated as CO and OC, respectively. The external physisorbed state (rightmost red bar) is more stable for the carbon-first geometry than for the oxygen-first direction. The difference ranges from as little as 0.005 eV for the crystalline (Figure 5a ) and tetravacancy (Figure 5e ) cases, to as large as 0.039 eV for the 555777 divacancy (Figure 5c ). Second, the barrier to entering the bilayer is lower for the O-first direction in all cases. In general, this difference is largest for the higher barrier cases. For example, the barrier height differences are as large as 0.147 eV for the six-membered ring, and as small as 0.025 eV for the eight-membered ring. In summary, the physisorption in the C-first direction is more energetically favorable, but entry into the bilayer in the O-first direction has a lower activation barrier.
Quantum Tunneling Effects for Helium Transmission.
Quantum tunneling effects can significantly increase the transmission of low-mass gases through two-dimensional nanoporous materials. 31, 41, 42 This is especially pronounced in the case of resonant tunneling through double-barrier potentials, which increases the nonclassical isotope effect. 43 The naturally occurring double barrier potential provided by crystalline bilayer silica (recall that only one-half of the potential energy surface is plotted in Figure 3 ) has barrier heights and interbarrier separations close to the optimal values for 3 He/ 4 He separation found in previous studies. 43 To examine the effect of resonant tunneling, we computed the transmission probability as a function of incident particle kinetic energy (Figure 6a ) and the thermal rate constant as a function of temperature (Figure 6b ), using the timeindependent approach described in our previous work. 43, 75 The potential was described by fitting three Gaussian functions to the x ≥ 0 region shown in Figure 3a .
Each resonant transmission peak in Figure 6a corresponds to a quasibound (metastable) state of the atom inside the doublebarrier potential. Approximating the region inside the barrier (−2 ≤ x ≤ + 2 Å in Figure 3a ) as a harmonic potential, then the eigenvalues spacing is inversely proportional to the square root of the oscillator (i.e., the helium atom) mass. By this reasoning, one expects the 4 He peaks occur at lower energies. However, in this case, the lowest 4 He transmission is missing, because the peak is narrower than machine precision. This extreme narrowness also means that this missing peak contributes insignificantly to the thermal rate constant, and thus can be safely ignored. The thermal rate constant, K, is evaluated by integrating the transmission probability times the Boltzmann factor, as a function of kinetic energies, and dividing by the reactant partition function, Q(T). The thermal rate constants are plotted for the two isotopes in Figure 6b , and for comparison the transition-state theory (TST) value, which does not include tunneling, is shown as the dashed line. The 3 He transmission rate constant is several orders of magnitude greater than that of 4 He at low temperatures, and the rates of both isotopes asymptotically approach the TST result at higher temperatures. The isotope selectivity, that is, the ratio of the transmission rates for the two isotopes, strongly favors transmission of 3 He at low temperatures and converges to equal transmission of the two isotopes at higher temperatures. For example, the ratios decrease as 1088, 203, 47, 2.7, 1.05, and 1.02 as the temperature increases from T = 10, 15, 20, 30, 77, to 100 K, respectively. From these results, we conclude that crystalline bilayer silica is a promising material for lowtemperature helium isotope separation.
3.4. Prospects for Gas Separation. A classical treatment of the barrier crossing process, without including any tunneling effects, suffices for modeling the transmission of heavier gases. From these results, we will estimate the relative permeances of the different defect types, and the selectivity of these defects for the different types of gas molecules. The potential energy minima and maxima summarized in Figure 5 can be used to compute the barrier crossing rates by applying transition state theory. As discussed earlier, the transmission process consists of several intermediates and transition states. These multistep processes can be formally described in terms of the energetic span, δE, which is the largest energy difference between an intermediate (local minimum) and any subsequent transition state (local maximum) during the barrier crossing process. 76 The energetic span serves as an apparent activation energy of the process, and thus a smaller energetic span leads to a faster reaction. Table 2 shows the computed energetic span values for the gases transiting through the various silica bilayer defects.
The selectivity for two gases, X and Y, is the ratio of the transport rates, r X and r Y , respectively, each of which in turn can be expressed in terms of the Arrhenius rate equation:
where A is the pre-exponential factor, k B is the Boltzmann constant, and T is the absolute temperature. For simplicity, we assume the pre-exponential terms, A, are identical for all gases, as in previous work. 32, 77 This assumption corresponds to neglecting the role of entropic contributions that favor transport of smaller, more spherical gas molecules (having more possible degrees of translational and rotational degrees of freedom as they enter the channel) and penalize transport of larger, more elongated gas molecules (having fewer possible degrees of freedom in the channel). 78 Thus, this assumption results in a conservative underestimate of the selectivity for separating smaller gas molecules from larger gas molecules. The selectivity of crystalline bilayer silica for the various gas pairs is shown in Table 3 . The data contained in Table 3 allow us to evaluate the suitability of crystalline silica bilayer materials for industrial gas separation applications. (Note the logarithmic scale used in Tables 3 and 4 .) For comparison, the best classical membranes have selectivities of S X/Y = 10 3 (e.g., Nanosil templates for H 2 / CO 2 separation 79 ), and in many applications lower values are sufficient (e.g., S X/Y > 40 is sufficient for postcombustion CO 2 / N 2 separations 3 ). Using these criteria, we can address the various industrial separations described in the Introduction. Because the kinetic diameter of Ar is less than that of methane, the He/Ar ratio provides a lower bound on the selectivity for He/natural gas separations. From Table 3 it is clear that crystalline silica bilayers greatly exceed the needs for this separation. For comparison, the best existing materials 9 have He/N 2 and He/CH 4 selectivities of approximately 10 3 , which is 10−20 orders of magnitude lower than the selectivities shown in Table 3 . Likewise, this material serves as an extraordinarily selective separation membrane for H 2 /CO separations, far exceeding the selectivity of the best classical membrane by 9 orders of magnitude. (CVD grown silica membranes are the most selective, with S X/Y ≈ 10 3 . 2 ) The estimated selectivity for CO 2 /N 2 separations is too low (S X/Y = 20) to be useful. 3 However, we note that the stronger surface adsorption of CO 2 can lead to enhanced selectivity of two-dimensional membranes, 33 and future molecular dynamics simulations could resolve this question.
We can obtain a similar estimate of the selectivity of vitreous bilayer silica, by weighting the selectivities by the transmission of each ring type by the probabilities, p i , at which each ring type is observed in experimental samples. 80 This weighted selectivity is given by 
For simplicity, we assume that the four-and five-membered rings are impermeable, and that the two different types of seven-membered rings considered here occur equally in experiment. The calculated selectivities for the vitreous bilayer shown in Table 4 are all much lower than the crystalline case, due to the smaller or absent potential energy barriers for the larger ring defects. As a result, transport through the larger, nonselective defects dominates, resulting in reduced selectivity. Neither the He/Ar nor the H 2 /CO selectivities for the vitreous material are sufficiently high to be useful for industrial processes. Thus, we conclude that only crystalline bilayer silica is useful for these gas separation problems.
Membrane performance also depends on the permeance. We can estimate this by using the kinetic theory of gases colliding with a surface, which follows from the Maxwell−Boltzmann distribution, as described in previous work, 31, 32, 77 using the δE values from Table 2 . To estimate the allowed cross-section for successful reactions, we make the simple geometric assumption that only collisions within the largest radius of the largest circumscribed sphere (from Table 1 ) are transmitted. In the case of crystalline bilayer silica, this implies that only 12% of incident collisions that have sufficient kinetic energy are geometrically allowed to be transmitted. This approximation does not take into account the nominal kinetic radii or orientational effects on the transmission probability. Thus, while it is reasonable for helium, it systematically overestimates the transmission of larger gases. The results of these calculations, for each of the gases as a function of temperature, are shown in Figure 7 . The shaded area in each set indicates the industrial acceptable permeance exceeding 10 −10 mol m −2 s −1 Pa −1 . For comparison, the best existing modified CVD silica membranes used for hydrogen separation only reach this threshold at 873 K, and polymeric membranes only reach this threshold at the expense of reduced selectivity. 2 Similarly, the best existing material for helium separation, hollow fiber microporous silica membranes, has a permeance of 10 −6 mol m −2 s −1 Pa −1 . 9, 81 From Figure 7 , it is clear that only He, Ne, and H 2 are above this threshold; the other gases are many orders of magnitude too slow. The He permeance exceeds this threshold over the entire temperature range shown in Figure 7 , whereas H 2 and Ne only exceed this criterion at temperatures above 145 and 216 K, respectively. Thus, at typical industrial temperatures, the permeances of these gases are sufficiently high to be of industrial value.
CONCLUSION
Bilayer silica is the thinnest possible stable structure for a silica membrane; if one includes the van der Waals radii of the surface oxygen atoms (1.52 Å), it is only 7.2 Å thick. We determined the geometries of the fundamental five-, six-, seven-, eight-, and nine-membered ring structures present in crystalline and vitreous free-standing two-dimensional bilayer silica. We computed potential energy barriers for the transmission of He, Ne, Ar, Kr, H 2 , N 2 , CO, and CO 2 gases through the optimized ring geometries. Local minima at the center of the bilayer exist for all defect types, indicating that these gases can be kinetically trapped during the transport process. In the case of the smallest gases, He, Ne, and H 2 , this interior position is energetically more stable than physisorption on the surface for crystalline sixmembered ring structures. Nine-membered ring structures have no potential energy barrier for any of the gases considered here, indicating that these larger defects cannot be used for selective separation. The bilayer structure serves as a double barrier potential, and quantum transmission calculations indicate that this can be used for resonant-tunneling-based separation of helium isotopes. Classical transport calculations for the other gases indicate that only crystalline bilayer silica has sufficiently high permeances and selectivities to be used for industrial He/ natural gas and H 2 /CO separations. In contrast, the vitreous layers increase the permeabilities of all species, and thus do not have sufficiently high selectivity for these separations. In contrast to graphene-like membranes, there is no need to introduce carefully designed defects to enable selective gas separation, because the crystalline silica bilayer intrinsically has the correct pore size for these separations, and the covalent bonding between the two layers enforces alignment of the pores. Our calculations indicate that the selectivity and permeance of crystalline bilayer silica exceed that of existing He and H 2 separation membrane materials by many orders of magnitude. Thus, bilayer silica is both the thinnest and the best silica membrane, and deserves further experimental investigation.
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